The abscisic acid (ABA) signaling pathway is regulated by clade A type 2C protein phosphatases (PP2CAs) in plants. In the presence of ABA, PP2Cs release stress/ABA-activated protein kinases by binding to ABA-bound receptors (PYL/RCARs) for activation. Although the wedging tryptophan in PP2Cs is critical in the interaction with PYL/RCARs in Arabidopsis and rice, it remains elusive as to how other interface regions are involved in the interaction. Here, we report the identification of a conserved region on PP2Cs, termed the VxGFL motif, which modulates the interaction with PYL/RCARs through its second and fourth residues. The effects of the second and fourth residues on the interaction of OsPP2C50 with several OsPYL/RCAR proteins were investigated by systematic mutagenesis. One OsPP2C50 mutant, VFGML (''FM'') mutant, lowered the affinity to OsPYL/RCAR3 by $15-fold in comparison with the wild-type. Comparison of the crystal structures of wild-type OsPP2C50:ABA:OsPYL/RCAR3 with those composed of FM mutant revealed local conformational changes near the VxGFL motif, further supported by hydrogen-deuterium exchange mass spectrometry. In rice protoplasts, ABA signaling was altered by mutations in the VxGFL motif. Transgenic Arabidopsis plants overexpressing OsPP2C50 and OsPP2C50FM showed altered ABA sensitivity. Taken together, the VxGFL motif of PP2Cs appears to modulate the affinity of PP2Cs with PYL/RCARs and thus likely to alter the ABA signaling, leading to the differential sensitivity to ABA in planta.
INTRODUCTION
Protein phosphatases (PPs) mediate dephosphorylation of target proteins, thereby constituting critical components in various signaling pathways. Clade A type 2C protein phosphatases (PP2CAs) feature metal ions in their active sites and play key roles in abscisic acid (ABA) signaling in plants (Singh et al., 2015) . The ABA signaling pathway responds to environmental or abiotic stresses in plants. Harsh environmental conditions such as drought, salt, and cold induce the biosynthesis of ABA, a phytohormone, thereby initiating signal transduction for stress resistance . Three major components are involved in the ABA signaling pathway: soluble ABA receptors-pyrabactin resistance (PYR)/pyrabactin resistancelike (PYL)/regulatory component of ABA receptor (RCAR); PP2CAs; and sucrose non-fermenting 1-related protein kinases 2 (SnRK2s)/stress ABA-activated protein kinases (SAPKs) Sah et al., 2016) . Under normal conditions without ABA induction, PP2Cs suppress SnRK2s by dephosphorylation of the SnRK2 activation loop and blocking of the SnRK2 active site (Vlad et al., 2009; Soon et al., 2012; Zhou et al., 2012) . Under abiotic stress conditions, ABA accumulation results in the interaction of the ABA receptors with PP2Cs, leading to the release of SnRK2s. Released and self-activated SnRK2s exert downstream effects necessary for conferring resistance to the abiotic stresses in plants (Ng et al., 2011) .
Regulation of PP2CAs by soluble ABA receptors PYL/RCARs and SnRK/SAPKs is at the core of ABA signaling. In higher plants such as Arabidopsis thaliana, Oryza sativa, and Zea mays, PP2CAs consist of nine members (Fuchs et al., 2013) . Structural and biochemical characterizations of plant PP2Cs in complexes with ABA receptors and SnRKs provide a detailed mechanism of activity modulation at the molecular level. In PP2CAs a conserved tryptophan, W385 in AtHAB1 (homology to ABAinsensitive 1) and W259 in OsPP2C50, has been known as a key residue of interaction with ABA receptor and ABA recognition by wedging into the cleft at the interface between PP2CA and ABA receptor through a water-mediated interaction (Melcher et al., 2009 ). The ''wedging'' W385 in AtHAB1 becomes a part of receptor-specific conformation revealed by hydrogen/deuterium exchange mass spectrometry (HDX-MS) (West et al., 2013) . The same tryptophan also plays a key role in recognizing SnRK2 by insertion to the catalytic cleft . Therefore, PP2CA uses the same interface for the interactions with PYL/RCARs and SnRK2/SAPKs, revealing that a competitive binding between ABA receptors and effector kinases with PP2CAs can modulate the ABA signaling pathway. Mutation of the wedging W385 in AtHAB1 caused serious defects in stress resistance. AtHAB1 W385A showed no interaction with ABA receptor even in the presence of ABA (Dupeux et al., 2011) . Accordingly, transgenic plants harboring AtHAB1 W385A were highly vulnerable to drought stress (Dupeux et al., 2011) . These reports confirm the role of this conserved residue in regulating ABA signaling by modulation of the interaction between PP2CAs and PYL/RCARs. Moreover, a glycine residue near the active site of PP2CAs, G246 in AtHAB1 and G121 in OsPP2C50, has been also known to be critical in the interaction with ABA receptor. AtHAB1 G246D was found to show ABA insensitivity in Arabidopsis (Robert et al., 2006) . Structural investigation indicated that G246D might collide with the gate loop of ABA receptor such that AtHAB1 G246D impairs its interaction with ABA-bound PYL/ RCARs while its dephosphorylating function remains intact (Melcher et al., 2009) .
While some residues involved in the PYL/RCAR:PP2CA interaction have been well characterized recently, no extensive study has been performed to investigate the roles of other residues at the interface between the two proteins. We focused on a hydrophobic patch adjacent to the conserved wedging tryptophan. This hydrophobic path, featuring the VxGFL motif where F denotes hydrophobic residues (Aasland et al., 2002) , is highly conserved among PP2Cs. We set out to elucidate whether the VxGFL motif can modulate the interaction of PP2Cs with PYL/ RCARs using structural, biochemical, and functional assays.
RESULTS

A Conserved Hydrophobic VxGFL Motif in OsPP2Cs Adjacent to the Tryptophan Critical for Its Interaction with ABA Receptors
We analyzed nine clade A OsPP2Cs that are involved in ABA signaling (Xue et al., 2008) to reveal a conserved sequence motif near the wedging tryptophan residue among these proteins ( Figure 1A ). We adopted nomenclature by Kim et al. (2012) for OsPP2c and OsPYL/RCARs (Supplemental Table 1 ). Phylogenetic tree analysis uncovered that OsPP2C50 (LOC_Os05g46040) is the closest ortholog of HAB1 from A. thaliana, one of the best characterized plant PP2Cs ( Figure 1B ). Multiple sequence alignment of the aforementioned nine OsPP2CAs along with three representative Arabidopsis PP2CAs revealed a conserved hydrophobic motif adjacent to the wedging W259 in OsPP2C50 (corresponding to W385 in AtHAB1) that is critical in the interaction with cytoplasmic ABA receptors ( Figure 1A ). This motif features an invariant VxGFL sequence, where x and F denote any amino acid residue and a hydrophobic residue, respectively (Aasland et al., 2002) and has been reported to constitute the interface with ABA receptors (Melcher et al., 2009) (Figure 1C ). While the fourth position of the VxGFL motif is mostly valine with two exceptions (isoleucine and methionine in OsPP2C50 and OsPP2C30 [LOC_Os03g16170] , respectively), the second position varies to include mostly hydrophobic residues such as leucine and phenylalanine, and serine, a small hydrophilic residue. The observation that the second position of the VxGFL motif is more variable than the fourth position in OsPP2Cs also holds in Arabidopsis PP2CAs (Supplemental Figure 1) .
To interrogate whether the second and fourth residues of the motif are involved in the interaction between OsPP2CA and OsPYL/RCAR, we employed alanine scanning in combination with glutathione S-transferase (GST) pull-down assay. Since residues found in the second and fourth positions of the VxGFL motif are mostly hydrophobic, alanine scanning may not be best suited to investigate the effects of side chains. To clarify the effects of hydrophobic side chains in these two positions, we further performed hydrophile scanning whereby target residues are mutated to long and charged residues such as lysine and glutamate instead of alanine (Boersma et al., 2008) . GST pull-down results demonstrated that both positions of the motif were involved in OsPP2C50:OsPYL/RCARs interactions ( Figure 2A and Supplemental Figure 4 ). When these residues were substituted for alanine or lysine, the interactions between OsPP2C50 and OsPYL/RCAR proteins became weaker. In particular, changing to lysine of the residues could disrupt the interactions better than changing to alanine. This could be one of the explanations why second and fourth residues of the motif are highly conserved in small hydrophobic amino acids. In fact, the fourth residue of the VxGFL motif seemed to be more critical in their interactions. The substitution of fourth residue of the motif represented weaker binding with ABA receptors than that of the second residue.
Phosphatase activity assay results using OsPP2C50 wild-type and its motif variants and OsPYL/RCARs in the presence of varying ABA concentrations further supported that the second and fourth residues of the VxGFL motif play key roles in the interaction ( Figure 2B-2D) . Consistent with the pull-down assay results, single mutants (AI, SA, KI, and SK) in which either alanine or lysine was substituted in the second and fourth positions showed increased half-maximal inhibitory concentration (IC 50 ) values in comparison with the wild-type (SI). The increased IC 50 values implied that the single mutants weakened the interaction of OsPP2CA with OsPYL/RCARs. Mutations in the fourth position apparently increased IC 50 values more than those in the second position (AI, KI versus SA, SK), suggesting that the fourth position in the VxGFL motif is major in mediating the interaction between OsPP2CAs and OsPYL/RCARs. Double mutant KK led to the loss of interaction, confirming that both the second and fourth positions are important in the interaction. Notably, lysine mutants in the fourth position in the VxGFL motif showed an increase in the IC 50 value, implying less ABA sensitivity with OsPYL/RCAR3 (LOC_Os02g15640) ( Figure 2C ). Oligomeric state of an ABA receptor apparently affected the IC 50 values. For instance, the dimeric ABA receptors OsPYL/RCAR9 (LOC_Os06g36670) and 10 (LOC_Os10g42280) exhibited more increases in the IC 50 values than monomeric ABA receptors, OsPYL/RCAR3 and 5 (LOC_Os05g12260) (Figure 2 and Supplemental Figure 4) (He et al., 2014) . These differential increases in the IC 50 values may reflect the fact that monomeric ABA receptors usually bind to ABA ligand more strongly than dimeric ones (Miyakawa et al., 2013; He et al., 2014) . Nonetheless, alteration of the VxGFL motif in OsPP2C50 had significant effects on the interaction with all OsPYL/RCAR proteins we tested.
Crystal Structures of OsPP2C50:ABA:OsPYL/RCAR3 Reveal the Molecular Details of the VxGFL Motif
To investigate the structural basis of the VxGFL motif in the interaction of OsPP2CAs with ABA receptors, we screened nine OsPP2Cs and ten OsPYL/RCARs to find an optimal combination suitable for structural studies. OsPP2C50 is the closest ortholog of AtHAB1 ( Figure 1B ). We then screened OsPYL/ RCARs to find that OsPYL/RCAR3 was expressed best in a bacterial overexpression system. Consistent with a previous report (Melcher et al., 2009) , OsPP2C50:OsPYL/RCAR3 complex was formed only in the presence of ABA, which indicates that OsPYL/RCAR3 is an ABA-dependent monomeric ABA receptor (Supplemental Figure 3) . To obtain diffractionquality crystals, we engineered both OsPP2C50 and OsPYL/ RCAR3 extensively. The N-terminal residues (1-57 for OsPP2C50 and 1-29 for OsPYL/RCAR3, respectively) were trimmed based on secondary structure prediction by PHYRE2 (Kelley et al., 2015) and known structures of phosphatase:ABA receptor complexes (Melcher et al., 2009; Hao et al., 2011) . Initial crystals using the N-terminally trimmed protein components diffracted only modestly: 3.2 Å for wild-type and 3.4 Å for S265F/I267M (''FM'') mutant of OsPP2C50-containing complexes. The FM mutant of OsPP2C50 was selected due to its unique sequence feature that the second and fourth residues are occupied by large hydrophobic residues (phenylalanine and methionine, respectively), and its markedly reduced affinity with OsPYL/RCARs (see below). Interestingly, the FM sequence of the VxGFL motif is naturally found only in OsPP2C30, whose molecular characteristics remain largely unexplored (Supplemental Figure 1) . To further enhance the crystal quality, we introduced surface entropy reduction (SER) mutations on (A) Nine ABA-signaling-related clade A OsPP2Cs contain a conserved motif, called ''VxGFL motif,'' on the interaction interface with soluble ABA receptors. Red inverted triangle denotes the tryptophan residue (W259, ''wedging tryptophan'') critical for the interaction with ABA receptors. (B) Phylogenetic tree analysis shows that OsPP2C50 is the closest ortholog of AtHAB1, which has been extensively studied for its physiological role in stress-related ABA signaling pathway. (C) The VxGFL motif has a consensus sequence ''VLGVL.'' This figure was generated using WebLogo (Crooks et al., 2004). OsPP2C50 surface suggested by the SER server (Goldschmidt et al., 2007) : E139A/E140A/K142A. Additionally, we deleted flexible loop regions in OsPP2C50 exposed to protein surfaces based on structural information of AtHAB1 (PDB: 3KB3): D95-102, D182-189, and D336-343. Finally, we determined the crystal structures of OsPP2C50:ABA:OsPYL/RCAR3 complex with wild-type and FM mutant of OsPP2C50 at 2.7-Å and 2.8-Å resolution, respectively (Figure 3 and Supplemental Table 2 ).
The overall structure resembles AtHAB1:AtPYL2 complex (PDB: 3KB3) with the root-mean-square deviation (RMSD) among Ca atoms being 0.5 Å . The four conserved loops, named ''conserved loop (CL)'' from CL1 to CL4 in OsPYL/ RCAR3 (Yin et al., 2009) . are critical in the interaction with OsPP2C50 ( Figure 3A) . Specifically, the CL2 between b3 and b4, known as a major determinant of interaction with PP2C protein, is juxtaposed to the active site of OsPP2C50 in the presence of ABA. Three loops (CL2, CL3, and CL4) and a4 of OsPYL/RCAR3 form a hydrophobic hole into which W259 of OsPP2C50 can be inserted, thereby completing the ABA recognition module. Such a knob-andhole interaction where OsPP2C50 acts as an ABA co-receptor in the presence of ABA is identical to that found in AtPYL:AtPP2C complexes (Melcher et al., 2009) . The conservation of the knob-andhole interaction in O. sativa clearly supports the convergent evolution in the ABA response signaling pathway.
The conserved hydrophobic VxGFL motif is located in proximity to the W259. The sequence of the motif in OsPP2C50 is VSGIL (residues 264-268) and makes contacts with the C-terminal helix (a4) of OsPYL/RCAR3 ( Figure 3A ). S265 of OsPP2C50 contacts Y173 and A177 of OsPYL/RCAR3 via van der Waals interactions. I267 of OsPP2C50 interacts with hydrophobic residues of OsPYL/RCAR3: F174, A177, and L178. These interactions are present similarly in AtPYL2: AtHAB1 complex (Melcher et al., 2009) . Like OsPYL/RCAR3: OsPP2C50 interaction, AtHAB1 F391, corresponding to S265 of OsPP2C50, forms interactions with M164 and T168 of AtPYL2 via van der Waals interactions. It is stable enough to maintain protein complex in solution although AtHAB1 F391 is much larger than its counterpart, OsPP2C50 S265. Additionally AtHAB1 V393, corresponding to I267 of OsPP2C50, also interacts with L91 and F165 of AtPYL2 through hydrophobic interactions. These interactions near VxGFL motifs are conserved between proteins, which might be highly important to stable formation of the protein complex. However, K255 of OsPP2C50 keeps an ionic interaction with D169 of OsPYL/ RCAR3, which is unique considering Arabidopsis homologous proteins: AtPYL1, AtPYL2, AtHAB1, AtABI1 (ABA-insensitive 1), and AtABI2. These residues are conserved in the Arabidopsis proteins. For example, K255 of OsPP2C50 corresponds to K381 of AtHAB1, K296 of AtABI1, and K286 of AtABI2, and D169 of OsPYL/RCAR3 to E184 of AtPYL1 and E160 of AtPYL2 ( Figure 1A and Supplemental Figure 2 ). However, these residues do not interact based on their crystal structures (PDB: 3KDJ, 3UJL, and 3KB3) unlike OsPYL/RCAR3:OsPP2C50. Interestingly, AtABI1, AtABI2, and AtHAB1 have a VFGVL sequence whereby the second residue of the motif is changed to a hydrophobic, but more bulky residue: phenylalanine. We hypothesized that it is possible for a bulky side chain in the second position to push the ABA receptor away, resulting in the deformation of the ionic interaction between charged residues.
OsPP2C50 FM Mutant Weakens the Interaction by Altering Ionic and Hydrophobic Interactions
Structural and biochemical analyses of the OsPP2C50:OsPYL/ RCAR3 complex revealed that the second and fourth residues of the VxGFL motif are involved in the interaction of OsPP2C50 with OsPYL/RCAR3. To elucidate how the mutations in these two residues alter OsPP2C50:OsPYL/RCAR3 interactions, we superimposed protein complex structures of wild-type and FM mutant. The OsPP2C50 FM mutant sequence, VFGML, manifests a rigid-body motion of OsPP2C50 due to a substitution of a bulky side chain for a small one with RMSD among Ca atoms being 0.6 Å ( Figure 3G ). Bulky residues such as F265 and M267 induce a rigid-body rotation of OsPYL/RCAR3 of about 3 -4 so that OsPYL/RCAR3 poses away from OsPP2C50. This mutant also exhibits local conformational disruptions at or near the interface between the two proteins. Mutation in the second residue of the VxGFL motif in OsPP2C50, S265 to F265, results in a rotameric change of OsPYL/RCAR3 Y173 ( Figure 3B and 3C ). In the wild-type, Y173 faces OsPP2C50 S265, with the distance between hydroxyl O of Y173 and Og of S265 being 4.3 Å . In the FM mutant, F265 causes swinging of Y173 away, reflected by the distance between hydroxyl O of Y173 and the benzyl ring of F265 being 8.3 Å . The S265F mutation also induces a rotameric change in OsPYL/RCAR3 D169 that is located near Y173 ( Figure 3B and 3C). In wild-type, the distance of OsPP2C50 Nz of K255 to OsPYL/RCAR3 Od of D169 is 3.0 Å with an electrostatic interaction between them. However, in the FM mutant, the distance between them is now 7.3 Å , which is too far to maintain the electrostatic interaction. K255A displayed slightly reduced ABA sensitivity ( Figure 3F ), suggesting that the interaction of K255A of OsPP2C50 with OsPYL/RCAR3 might be little weaker than that of OsPP2C50 wild-type.
In addition, the mutation in the fourth residue of the VxGFL motif, I267 to M267, represents compounding effects on their interaction. The fourth residue is surrounded by many hydrophobic residues from both proteins: F174, A177, and L178 of OsPYL/RCAR3, and Y278 and L279 of OsPP2C50 ( Figure 3D and 3E). Such a hydrophobic environment around the fourth residue probably accounts for why PP2Cs of Arabidopsis and rice contain hydrophobic residues at this position. Moreover, residues with relatively small and hydrophobic side chains are more suitable at this position than others. Multiple sequence alignments of PP2CAs of Arabidopsis and rice revealed that the fourth residue of the VxGFL motif exhibits a relatively relaxed level of conservation compared with the second residue (Supplemental Figure 1) . The majority of Arabidopsis and rice PP2Cs adopts valine and other hydrophobic residues at this position: isoleucine for AtPP2C11 and OsPP2C50, and methionine for OsPP2C30. Some exceptions are, however, found: glutamine for AtPP2C50 and AtPP2C51; and glutamate for OsPP2C76. This variation of the chemical property of the side chains at the fourth residue might have originated by natural selection for effective responses to environmental stresses through the ABA pathway, which is initiated by the ABA receptor: phosphatase interaction. A change from isoleucine to methionine at this position might have negative effects on OsPP2C50:ABA:OsPYL/RCAR3 interaction.
Conformational Dynamics of the Complex in Solution
To further confirm crystallographic analysis results in solution, we investigated solution structure and conformational changes of the OsPP2C50:ABA:OsPYL/RCAR3 complex using small-angle X-ray scattering (SAXS) and HDX-MS. We derived a molecular envelope for the complex from SAXS data (Supplemental Figure 5A -5E). The resulting envelope was then docked with the crystal structure of the complex, confirming that the structural information from crystallographic analysis remains valid in solution.
To probe dynamic local conformational changes in solution due to variations in the VxGFL motif, we employed HDX-MS. First we compared exchange patterns of the complex with those of constituent subunits (Figure 4A and 4B; Supplemental Figure 6 ). CL2 of OsPYL/RCAR3 and VxGFL motif of OsPP2C50 exhibited the biggest decrease in exchange rates as expected, considering that the interfaces of constituent subunits become stabilized upon complex formation. Interestingly, W259 did not show any noticeable change in the exchange rate, suggesting that W259 may act as a rigid knob in recognizing ABA in the complex (Melcher et al., 2009) . It is noteworthy that CL2 becomes highly stabilized and that CL1 and CL3 are also stabilized moderately, which is consistent with HDX-MS results of AtPYL2:AtHAB1 (West et al., 2013) . Secondly, we inspected conformational changes of the complex between OsPP2C50 wild-type and FM mutant (Figure 4C and 4D; Supplemental Figure 7 ). Mutations of the second and the fourth positions of the VxGFL motif cause destabilization of the loop containing the VxGFL motif. Also interesting is the destabilization of the loop adjacent to the one containing the VxGFL motif (VxGFLb11 loop). These results suggest that local conformational changes caused by the FM mutant propagate to the nearby loop, rendering more weakness at the interface on OsPP2C50.
Effects of Each Residue in the VxGFL Motif of OsPP2C50 on Its Interaction with OsPYL/RCAR3
To further validate the involvement of the second and fourth residues in the VxGFL motif, we investigated the influence of FM mutant of OsPP2C50 on the interactions with OsPYL/RCAR proteins other than OsPYL/RCAR3. Firstly, we confirmed that OsPP2C50 FM mutant retained its catalytic activity as a phosphatase through the functional assay, reinforcing that the FM mutant retained the overall fold ( Figure 5A ). Next, we chose OsPYL/RCAR3 and 5 as representatives for monomeric OsPYL/ RCARs and OsPYL/RCAR9 and 10 for dimeric ones. Replacing SI sequence (VxGFL sequence of wild-type OsPP2C50) with FM sequence made the interaction with OsPYL/RCAR3, 5, and 9 slightly weaker ( Figure 5B ). When we introduced SI and FM sequences on the motif of other phosphatases, OsPP2C6 and 68, their SI mutant showed enhanced interaction with OsPYL/RCAR3 and the FM mutant weakened the interaction ( Figure 5C ). We further investigated ABA sensitivity of OsPP2C50 wild-type and FM mutant by phosphatase assay with four OsPYL/RCAR proteins ( Figure 5D and 5E). Interestingly, monomeric ABA receptors, OsPYL/RCAR3 and 5, reacted differently to OsPP2C50 wild-type and FM mutant, but dimeric ABA receptors, OsPYL/RCAR9 and 10, did not. According to this result, ABA signaling modulation by VxGFL motif alteration can be through monomeric ABA receptors in planta. The mechanism for this is not clear, but we assume it is due to some residue differences in ABA receptors juxtaposed to VxGFL motif. For example, aromatic Y173 of OsPYL/RCAR3 and Y178 of OsPYL/RCAR5, which are close to the second residue of the VxGFL motif, are changed to less bulky and aliphatic residues, M179 of OsPYL/RCAR9 and L173 of OsPYL/RCAR10.
The variations in the second and fourth positions of the VxGFL motif prompted us to generate eight mutants of OsPP2C50 along with the wild-type, being VSGIL: LV, LI, LM, SV, SI, SM, FV, FI, and FM (only the residues in the second and fourth positions are shown). Although the VxGFL motif is highly conserved among PP2Cs from A. thaliana and O. sativa, the second and fourth positions reveal some variations. The former can be leucine, serine, or phenylalanine, and the latter valine, isoleucine, or methionine. The second position of the VxGFL motif contains leucine as the representative residue in multiple sequence alignment of OsPP2Cs, serine as found in OsPP2C50 and AtHAB2, and phenylalanine as in OsPP2C6, AtHAB1, and AtABI1 ( Figure 1A ). All three groups have variations in the fourth position so that two smaller aliphatic residues such as valine and isoleucine and one larger aliphatic residue, methionine, exist. Crystallographic analysis of the interface between OsPP2C50 and OsPYL/ RCAR3 suggested that bulky residues in the second and fourth positions would weaken the interaction by the combination of pushing the C-terminal helix of OsPYL/RCAR3 and disruption of hydrogen/electrostatic interactions between K255 of OsPP2C50 and D169 of OsPYL/RCAR3, with concomitant rotameric shift of Y173 of OsPYL/RCAR3 ( Figure 3B and 3C).
To interrogate the effects of the VxGFL motif of OsPP2C50 in its interaction with OsPYL/RCAR3 at residue level systematically, we determined dissociation constants (K D ) of the aforementioned eight mutants and wild-type (Table 1 and Figure 5F ). All mutants of OsPP2C50 tested bound to OsPYL/RCAR3 only when ABA was present, supporting that OsPYL/RCAR3 is an ABAdependent receptor in terms of its interaction with cognate PP2Cs (Li et al., 2015) . Binding affinity of OsPP2C50 wild-type (VSGIL) is the strongest with the consensus LV mutant showing $10 times lower affinity: 2 and 25 nM, respectively. By contrast, the FM mutant (VFGML) of OsPP2C50 showed $15 times weaker affinity. It seems that having smaller aliphatic residues in the second position, such as leucine and serine, tends to show higher affinities than having a bulky aromatic residue, such as phenylalanine. This result is consistent with the structural analysis of the FM mutant of OsPP2C50:ABA:OsPYL/RCAR3 complex ( Figures 3 and 4) . Based on these results, we concluded that the second position of this motif is critical for the interaction between an ABA receptor and a clade A PP2C protein. There are hydrophobic environments surrounding the VxGFL motif, which is one of the major interactions between ABA receptors and PP2Cs. Serine is small enough to maintain moderate distance from these hydrophobic residues in relation to their interaction. However, phenylalanine in the second position is somewhat bulky to be able to keep these hydrophobic residues close enough for tight interaction. Additionally, it seemed that (A) The HDX profile change upon complex formation is color coded onto the crystal structure of OsPP2C50:ABA:OsPYL/RCAR3 complex.
(B) The deuterium uptake levels from selected peptides from the complex are plotted.
(C) The differential HDX profile between wild-type (WT) and FM in their complex states is color coded onto the crystal structure of OsPP2C50:
The deuterium uptake levels from selected peptides from WT and FM complexes are plotted. Yellow sphere represents coordinated magnesium atoms, and stick represents ABA. The data were derived from three independent experiments, and error bars represent the SEM. *p < 0.05. the fourth residue on the motif also shows effects on binding affinity depending on the size of its side chain, especially at the association step of binding kinetics. As the side chain becomes larger from valine to isoleucine and methionine, the association rate constant (k on ) seemed to be increased accordingly (Supplemental Table 4 and Supplemental Figure 8 ). This implies that the large hydrophobic surface of the VxGFL motif is involved in the binding. However, mutants having isoleucine in the fourth position of the motif showed lower K D than others. Methionine in the fourth position, when combined with phenylalanine in the second position, may disrupt the spatial arrangement of hydrophobic residues, resulting in lowered affinity. Taken together, the interaction of OsPP2C50 with OsPYL/RCAR3 is modulated mostly by the identities of both the second and the fourth residues of the VxGFL motif. OsPP2C50 wild-type (SI) showed the strongest interaction while FV and FM mutants showed the lowest interaction. Having variations in binding affinities over up to 20-fold in the VxGFL mutants, our results demonstrate that the VxGFL motif can be a point to modulate the interaction of PP2Cs with ABA receptors in the abiotic stress response signaling pathway.
OsPP2C50 VxGFL Mutants Modulate the ABA Signaling Pathway Depending on OsPYL/RCAR3
The core ABA signaling pathway consists of an ABA receptor, a phosphatase, and a kinase (SnRK2.6 in Arabidopsis and SAPK10 in rice) (Kobayashi et al., 2005; Fujita et al., 2009 ). PP2C phosphatases are at the center of this pathway by utilizing the same region to alternatively bind to ABA receptors and SnRK2.6 . To test how the VxGFL motif of OsPP2C50 affects the interaction network among ABA receptors, phosphatases, and kinases, we performed a competitive GST pull-down assay using three components: OsPYL/RCAR3, OsPP2C50, and SAPK10 ( Figure 5G ). Binary interactions of OsPP2C50 wild-type with OsPYL/RCAR3 and SAPK10 were observed as expected, although OsPYL/RCAR3 bound to OsPP2C50 with an apparently higher affinity (Supplemental Figure 8) . Ternary interaction was apparent whether either OsPYL/RCAR3 or SAPK10 was pre-incubated with OsPP2C50 (labeled as ''30 min'' in Figure 5G ). To further investigate the molecular basis of the ternary interactions, we derived solution structure of the ternary complex (OsPYL/ RCAR3:OsPP2C50:SAPK10) that was stable in solution using the ensemble optimization method (EOM) (Supplemental Figure 5F -5H) (Tria et al., 2015) . Pair distribution function revealed D max for the ternary complex larger than that of OsPYL/RCAR3:OsPP2C50 binary complex (172 Å versus 92 Å ), supporting that the ternary complex is formed in solution (Supplemental Figure 5B) . EOM-based modeling suggested that SAPK10 adopts multiple conformations in the ternary complex, using the acidic C-terminal region as the contact point to OsPP2C50 (Supplemental Figure 5H ). In the EOM-derived structural model, SAPK10 is loosely associated with OsPP2C50, rendering the catalytic domain free from the interaction with OsPP2C50. The free catalytic domain of SAPK10 can subsequently participate in auto-activation, thereby initiating the signal transduction pathway. Our SAXS analysis therefore supports the results from in vitro and in vivo assays (Figures 5 and 6 ). By contrast, OsPP2C50 FM mutant ablated the interaction with SAPK10 while the same mutant did not affect the interaction with OsPYL/RCAR3. This observation implies that the VxGFL motif may be more detrimental to the interaction of OsPP2C50 with SAPK10 than that with OsPYL/RCARs. Consistent with this finding, SAPK10 seemed to be outcompeted by OsPYL/RCAR3 in the interaction with OsPP2C50 FM mutant. In vitro dephosphorylation assay revealed that OsPP2C50 FM mutant did not inhibit SAPK10 as efficiently as the wild-type ( Figure 5H ). This non-inhibitory effect of OsPP2C50 FM mutant is probably due to the loss of interaction with SAPK10 through alteration of the VxGFL motif. Taken together, the results demonstrate that the VxGFL motif modulates the interaction of OsPP2C50 with OsPYL/RCAR3 and SAPK10 differentially, thereby shifting the binding equilibrium among the three key components in the ABA core signal axis.
To interrogate the effects of VxGFL motif mutants of OsPP2C50 in ABA signaling in planta, we performed luciferase assay using the reconstituted ABA signaling pathway in rice protoplasts with OsPYL/RCAR3 and OsPP2C50 mutants ( Figure 6 ). First, we investigated effects of OsPP2C50 and OsPP2C50 mutants as negative regulators of ABA signaling. Series of OsPP2C50 mutants were introduced into rice protoplasts with both fLUC and rLUC reporters by a polyethylene glycol (PEG)-mediated method. All OsPP2C50 mutants sufficiently blocked the ABA signaling and there was no difference among OsPP2C50 mutants ( Figure 6A ). Next, we examined the effect of OsPYL/ RCAR3 to suppress the inhibition of ABA signal transduction caused by OsPP2C50 and their mutants. In the presence of ABA, ABA signaling inhibition caused by OsPP2C50-SI (wildtype) was recovered in the presence of OsPYL/RCAR3 ( Figure 6B ). However, the effect of OsPYL/RCAR3 to suppress the ABA signaling inhibition of OsPP2C mutants was not detected ( Figure 6B ). These results suggested that changes in the affinities of OsPP2C50 mutants with OsPYL/RCAR3 might cause the modulation of ABA signaling. To dissect the effects of OsPP2C50 mutants in ABA signaling in more detail, we monitored the effects of OsPP2C50 mutants depending on the amount of OsPYL/RCAR3 in ABA signaling ( Figure 6C ). OsPP2C50 LI, SV, and wild-type showed significant release of inhibition in proportion to the amount of OsPYL/RCAR3. However, the inhibition of ABA signaling caused by FV, FI, and FM mutants was not affected by the increase in the amount of OsPYL/RCAR3 DNA. Taken together, the bulky residues such as methionine, phenylalanine, and valine in the VxGFL motif of OsPP2C50 negatively affected the interaction with OsPYL/ RCAR3 in vitro and also negatively modulated ABA signaling in vivo due to the defects in the interaction with OsPYL/RCAR3. The polar residue serine on the second position of VxGFL motif clearly increased the interaction with OsPYL/RCAR3 compared with apolar residues (leucine and phenylalanine). In addition, in the fourth position of the VxGFL motif, isoleucine showed the best interaction with OsPYL/RCAR3. Our results demonstrate that the VxGFL motif indeed modulates ABA signaling in vivo, consistent with the structural and biochemical analyses.
Overexpression of OsPP2C50FM Modulates ABA Responses during Seed Germination and Seedling Development
To examine the in vivo function of the FM mutant of OsPP2C50, we generated Arabidopsis transgenic plants overexpressing wild-type of OsPP2C50 (WT-OX) and FM mutant of OsPP2C50 (FM-OX). Two independent T 3 transgenic progenies of each plant (WT-OX3, WT-OX5, FM-OX17, and FM-OX20) were selected and used for further phenotypic assay. Semi-quantitative RT-PCR analysis showed that OsPP2C50 expression was significantly high in the WT-OX and FM-OX plants, but not in the Columbia-0 (Col-0) plants ( Figure 7A ). Firstly, we examined the phenotypes of the WT-OX and FM-OX plants in response to ABA during germinative and post-germinative stages. We found that at 2 and 4 days after sowing, the germination rate of WT-OX seeds was the highest, that of FM-OX seeds the second highest, and that of Col-0 seeds the lowest on ABA-treated media ( Figure 7B ). Seedling establishment of the Col-0, WT-OX, and FM-OX plants was assessed for their responses to ABA ( Figure 7C and 7D ). In the absence of ABA, the number of established seedlings did not differ significantly between Col-0, FM-OX, and OsPP2C50-OX plants. However, after 9 days of exposure to ABA, the WT-OX plants showed a high number of seedlings with expanded cotyledons relative to Col-0 plants. The FM-OX plants also expanded with more green cotyledons than in Col-0 plants, but fewer than in WT-OX plants. Moreover, we analyzed the primary root lengths of the Col-0, WT-OX, and FM-OX plants 5 days after transferring germinated seeds of each line onto Murashige-Skoog (MS) plates supplemented with various concentrations of ABA ( Figure 7E and 7F ). In the absence of ABA, we determined no significant differences in root length and green cotyledon rates between the Col-0 and transgenic plants. However, at all the investigated ABA concentrations, the roots length and green cotyledon rates of WT-OX plants were higher than those of Col-0 plants. FM-OX plants showed a higher green cotyledon rate and slightly longer primary root length than Col-0 at all ABA concentrations. Our results indicate that overexpression of the OsPP2C50FM increases ABA hypersensitivity during the germinative and post-germinative stages compared with OsPP2C50 wild-type. However, FM-OX plants showed slightly more hyposensitivity to ABA in seed germination, seedling establishment, and primary root growth than Col-0. These data apparently suggest that overexpression of OsPP2C50FM might modulate ABA signaling through impaired interaction with SnRK2 and AtPYL/RCARs in planta as well as in vitro.
DISCUSSION
PP2CAs become pivotal in modulating ABA signaling. Interaction of PP2CAs with PYL/PYR/RCARs results in activation of ABA signaling by releasing otherwise suppressed SnRKs via competitive binding of PYL/RCARs. Our study provides a deeper insight into the residue determinants of the interface between PP2Cs and PYL/RCARs, which correspond to PYL proteins reported by He et al. (2014) (Supplemental Table 1 ), by unveiling contributions of the VxGFL motif. The role of the conserved W259 (W358 in AtHAB1) has been well established. The W259 wedges into the groove in PYL/RCARs to enforce the binding interface and senses ABA via water-mediated hydrogen bonding. We uncover that the residues adjacent to the W259 in space are capable of modulating the binding of PP2Cs with PYL/RCARs, supported by structural and biochemical analyses. Variation in the VxGFL motif can lead to weakening of the binding affinity, exemplified by the FM mutant. The structural analysis demonstrated that the weakened affinity is caused by conformational complementarity between contacting hydrophobic residues concomitant with broken polar interaction. Subtle conformational changes near the VxGFL motif were observed by HDX-MS. Effects of mutations in the VxGFL motif were further confirmed by functional assays in rice protoplasts and in vivo in Arabidopsis. Our results establish the involvement of the VxGFL motif in finetuning the interaction of PP2Cs with PYL/RCARs in the ABA signaling pathway.
Residues in the VxGFL motif were found to be involved in the interaction of AtHAB1 with AtPYL2 (Melcher et al., 2009 ). However, no further characterization has been reported. We provided the detailed molecular and functional analyses of the residues in the VxGFL motif regarding the structural and The number of seedlings in each line with expanded cotyledons was counted (D) and representative photographs were taken at 9 days after planting (C). (E and F) Root elongation of OsPP2C50-OX mutants and Col-0 in response to ABA. Root lengths of each plant were measured (F) and representative photographs were taken (E) at 5 days after sowing. All data are the mean ± SE from three independent experiments. Different letters indicate significant differences in three independent experiments (ANOVA; p < 0.05).
biochemical role of each residue, the second and the fourth positions in particular, in modulating the interaction of PP2Cs with PYL/RCARs. In systematic investigation of binding affinities by OsPP2C50 mutants where the second and the fourth positions were mutated among hydrophobic residues found in the multiple sequence alignment, we noted that phenylalanine, a bulky and aromatic residue, tends to more adversely affect the binding affinity than leucine and serine, small and aliphatic residues for the same residue occupying the fourth position of VxGFL motif ( Figure 5) . We interpret that a bulky and/or aromatic residue would disrupt allosterically the hydrophobic interface between PP2Cs and PYL/RCARs so that additional interactions such as an electrostatic one between K255 of OsPP2C50 and D169 of OsPYL/RCAR3 is compromised, with flipping of the side chain in Y173 of OsPYL/RCAR3 ( Figure 3B and 3C ). This observation shows that the binding of PP2Cs to PYL/RCARs is modulated by multiple factors in a very subtle way.
The role of the VxGFL motif in ABA signaling suggested by in vitro structural and biochemical analyses was further supported by in-cell and in planta data. Transient expression of OsPP2C50FM in rice protoplasts was not rescued in ABA signaling by the introduction of OsPYL/RCAR3 under ABA treatment ( Figure 6B ). By contrast, permanent transgenic FM-OX plants of Arabidopsis have more hypersensitivity to ABA than WT-OX (Figure 6 ). The overexpression of ABI1 and HAB1, negative regulators of the ABA pathway, leads to an ABA-insensitive phenotype of the transgenic plants (Gosti et al., 1999; Saez et al., 2004; Nishimura et al., 2010) . By contrast, the transgenic Arabidopsis with overexpression of AtPP2CF1, an ABA-inducible and ABI1-homologous protein, showed ABA hypersensitivity and biomass yield increase (Sugimoto et al., 2014) . It is unclear why AtPP2CF1 is involved in ABA hypersensitivity, but it seems that AtPP2CF1 and OsPP2C50 FM mutant have some similarities: (1) the impairment of interaction with kinase (SnRK2s in Arabidopsis and SAPKs in rice) and ABA receptors; (2) the enzymatic activity as a phosphatase despite the loss of interaction with ABA core components; and (3) slightly enhanced plant growth rate without ABA treatment ( Figure 7E and 7F). We hypothesize that there are substrates of PP2C proteins other than SnRK2 proteins. HAB1 in Arabidopsis has been revealed to possibly interact with several CBL-interacting protein kinase (CIPK), calcium-dependent protein kinase 21/23 (CPK21/23), and the chromatin-remodeling factor SWI3 as well as SnRK2.2/3/6 (Guo et al., 2002; Ohta et al., 2003; Saez et al., 2008; Geiger et al., 2010) . OsPP2C50 could act as a major branch point of core ABA signaling pathway, just like HAB1. Thus, signals of several ABA pathways might converge to show different phenotypes we expected in planta. Alternatively, there is the possibility that overexpression of OsPP2C50 FM mutant might have impaired OST1 inhibition. This scenario awaits further investigation. Such an apparent discrepancy implies that FM-OX may change the affinity to not only OsPYL/RCAR3 but also other ABA signaling components including SAPK/SnRK2s, which compete with OsPYL/RCARs for the interaction interfaces of OsPP2Cs .
Our findings establish two classes of hydrophobic motifs regulating the interface between a PP2CA and a PYL/RCAR: Trp wedge and VxGFL motifs. The tryptophan wedge or ''lock'' is detrimental to the interface when mutated; however, the VxGFL motif is gentle enough to weaken the interface moderately, thereby enabling one to modulate the strength of ABA signaling to a limited extent while minimizing side effects. Such a ''tunable'' switch in the ABA signaling could be beneficial in engineering the crop. Our results shed light on the modulation of ABA signaling without resorting to the genetic alteration of either PP2Cs or PYL/RCARs. Despite difficulties in the search for effective chemical compounds to regulate protein interactions (Villoutreix et al., 2014) , the structure of OsPP2C50:ABA:OsPYL/RCAR3 combined with detailed biochemical analysis could provide a starting point from which to design or search for a chemical to modulate the ABA signaling. The VxGFL motif can be a nexus for engineering plants for dual purposes: to facilitate growth under favorable conditions and to enhance ABA signaling under stress conditions. FM-OX transgenic plants showed slightly higher root growth without ABA treatment, without affecting ABA sensitivity. Usually, ABA hypersensitivity causes plants to grow more slowly. This ultimately leads to a decrease in biomass of the crop plants. Although further investigation is needed, introduction of OsPP2C50 FM mutant in plants could potentially increase the biomass of crops without interrupting stress resistance.
METHODS
Cloning, Site-Directed Mutagenesis, and Sequence Alignment Genes encoding O. sativa PYL/RCARs and PP2C50s were amplified using Pfu polymerase (SolGent). For protein overexpression and purification, amplified PCR products were cloned into parallel GST vector and His vector (Sheffield et al., 1999) . Identities of all the constructs were confirmed by DNA sequencing. Site-directed mutagenesis was performed by QuikChange site-directed mutagenesis methods (Agilent), using AmpONE Fast Pfu polymerase (GeneAll Biotechnology). DpnI (New England Biolabs) was used to remove template DNA vector. Identity of all mutants was verified by DNA sequencing. Multiple sequence alignments and molecular phylogenetic analysis by maximum likelihood method among PP2Cs were performed by CLUSTAL X and MEGA7, respectively (Kumar et al., 2016) .
Protein Expression and Purification
Rosetta 2 (DE3) (Novagen) was transformed with cloned plasmids for protein overexpression. Cells were pre-cultured from single colony at 37 C overnight, transferred to 0.5 l of Luria-Bertani (LB) medium containing 2 mM MgCl 2 and 0.5% (v/v) glycerol, and grown at 37 C until NaCl, 5 mM MgCl 2 , 0.1 mM TCEP) was used for cell lysis. After cell lysis and centrifugation for cell debris removal, supernatants were transferred to glutathione-Sepharose resin (GE Healthcare). The resin was washed in 200 ml of buffer B, and proteins were eluted by 20 ml of buffer B supplemented with 10 mM reduced glutathione. For the next experiments, His-tagged OsPYL/RCAR3 and GST-tagged OsPP2C50s were dialyzed to buffer A and buffer B, respectively. Other OsPYL/RCAR and OsPP2C proteins were purified in the same way.
GST Pull-Down Assay
Purified GST-OsPP2Cs, His-OsPYL/RCARs, and His-SAPK10 were used in the GST pull-down assay. Firstly, glutathione-Sepharose resin (GE Healthcare) was washed by pull-down buffer (20 mM Tris-HCl [pH 8.0], 1 mM MgCl 2 , 0.1 mM TCEP, 0.1 mM ABA, and 0.1 mg/ml BSA). Then, 10 mg of GST-OsPP2C proteins were added to pull-down buffer containing glutathione resin for pre-incubation for 30 min. at 4 C. Next, 10 mg of His-OsPYL/RCAR was added. For competitive GST pull-down assay, 5 mg of GST-PP2C50, 2.5 mg of His-OsPYL/RCAR3, and 20 mg of His-SAPK10 were used. Incubation was performed for 1 h at 4 C with gentle agitation. Incubated glutathione resin was washed with pull-down buffer for 12 h at 4 C, which was repeated three times. Pull-down proteins were eluted by pull-down buffer with 10 mM reduced glutathione, after which SDS-PAGE and western blot were performed.
Phosphatase Assay
GST-PP2C50s (80 nM) and His-OsPYL/RCARs (400 nM) were added in phosphatase assay buffer (20 mM Tris-HCl [pH 8.0], 1 mM MnCl 2 , 0.1% [v/v] 2-mercaptoethanol, and 0.1 mg/ml BSA). Various concentrations of ABA were induced by serial dilution. Pre-incubation was performed for 10 min at 37 C for temperature equilibrium. The phosphatase assay was then started by adding 15 mM (final concentration) pNPP (para-nitrophenyl phosphate) as a substrate of protein phosphatase. After incubation for 1 h at 37 C, the amount of pNPP was detected by absorbance at 405 nm. The IC 50 value of OsPP2C50s was calculated by Prism 5 (GraphPad Software) using the equation
where x and y refer to relative phosphatase activity (%) and log scale of ABA concentration (mM), respectively.
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Dephosphorylation Assay
Purified GST-tagged protein of PP2C50 wild-type and PP2C50 FM mutant as well as His-tagged SAPK10 was subjected for kinase (Chae et al., 2007; Hong et al., 2011) and dephosphorylation assay as reported earlier (Bhatnagar et al., 2017) . His-SAPK10 (2 mg) was incubated with kinase buffer (20 mM HEPES, 20 mM MgCl 2 , and 20 mM MnCl 2 [pH 7.5]) at 30 C for 30 min for autophosphorylation. Different concentrations of GST-PP2C50 wild-type and FM mutant were added (2 mg, 5 mg, and 10 mg) and further incubated for 45 min. The reaction was stopped by addition of SDS protein loading buffer, and samples were boiled and loaded for electrophoresis on 7% SDS-PAGE gel. After gel staining by Coomassie blue and drying overnight, images were analyzed with a phosphoimage analyzer (Personal Molecular Imager FX system, Bio-Rad, USA).
Protein Crystallization
To obtain diffraction-quality crystals, residues for SER were predicted for OsPP2C50 by the SER prediction server (Goldschmidt et al., 2007) , which recommended three SER candidates (E139A/E140A/K142A, K229A/ E230A, and K363A/K364A). In addition, we identified three surfaceexposed loops that were thought to interfere with crystallization by sequence alignment with AtHAB1 from A. thaliana (D95-102, D182-189, and D336-343). To purify OsPP2C50:ABA:OsPYL/RCAR3 complex, bacterial cells expressing 6xHis-tagged OsPP2C50(58-387) and 6xHis-tagged OsPYL/RCAR3(30-204) were mixed and resuspended in 40 ml of buffer B with 0.05% (v/v) Triton X-100 and 0.1 mM (+)-ABA (Duchefa). After cell lysis and centrifugation of lysate, supernatant was transferred to Ni-NTA resin. Proteins were eluted by 20 ml of buffer B with 200 mM imidazole. Recombinant 6xHis-tagged tobacco etch virus (TEV) protease was added to cleave 6xHis tag and TEV protease, and cleaved 6xHis tag were removed by Ni-NTA resin. Furthermore, size-exclusion chromatography was performed through HiLoad 16/600 Superdex 200 column (GE HealthCare) in buffer B. To check probabilities of crystallization, we measured the polydispersities of proteins by dynamic light scattering on a DynaPro NanoStar (Wyatt). All mutants of PP2C50 yielded crystals of complex protein, but only OsPYL/RCAR3:ABA:OsPP2C50 E139A/ E140A/K142A yielded diffraction-quality crystals. The complex protein crystals of OsPP2C50 wild-type were grown at 22 C in hanging drop, which was performed by mixing 2 ml of purified complex protein at 10 mg/ml and 2 ml of 14% (v/v) PEG 8000, 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES) (pH 6.0), and 0.4 M calcium acetate. Crystals appeared within 2-3 days and were grown to maximum size over 6 days. The complex protein crystals of OsPP2C50 S265F/I267M (''FM'') mutant was grown at 22 C in hanging drop, which was performed by mixing 2 ml of purified complex protein at 15.9 mg/ml and 2 ml of 14% (v/v) PEG 8000, 0.1 M MES (pH 6.0), 0.2 M magnesium acetate, and 8% (v/v) glycerol. Crystals appeared within 4-5 days and were grown to maximum size over 7 days.
Crystallographic Data Collection and Structure Determination
We used a single cooled crystal at 100 K in liquid nitrogen gas stream with addition of 20% (v/v) PEG 8000 as cryoprotectant. We then collected the diffraction data on a Quantum 315r CCD detector (ADSC) on beamline 5C at Pohang Accelerator Laboratory in South Korea. Data processing, reduction, and scaling were performed by HKL2000 (Otwinowski and Minor, 1997) . The complex protein structures of OsPP2C50:ABA:OsPYL/ RCAR3 were determined by molecular replacement using PHASER-MR of the PHENIX suite (Adams et al., 2010) with AtHAB1:ABA:AtPYL10 (PDB: 3RT0) (Hao et al., 2011 ) as a search model. COOT was used to fit models manually (Emsley and Cowtan, 2004) , and model refinement was performed by PHENIX refinement. The data collection and refinement statistics of structures are summarized in Supplemental Table 2 .
Small-Angle X-Ray Scattering Data Collection, Analysis, and Ab Initio Shape Modeling
Purified OsPP2C50(58-387):ABA: OsPYL/RCAR3(30-204) complex, which was used for protein crystallization, was also utilized to obtain solution structure using a SAXS experiment. The complex was concentrated up to 8.1 mg/ml in buffer C (20 mM Tris-HCl [pH 8.0], 200 mM NaCl, and 2 mM TCEP), which was used as SAXS reference. SAXS data collection was performed at beamline 4C of the Pohang Accelerator Laboratory. SAXS data collection and analysis statistics are listed in Supplemental  Table 3 . SAXS measurements were repeated six times while monitoring whether samples had radiation damage or not. To confirm that the SAXS experimental curve we used for shape determination corresponded with OsPP2C50:ABA:OsPYL/RCAR3 complex, we validated the experimental curve with solution scattering of crystal structure of the complex using CRYSOL (Svergun et al., 1995) . The radii of gyration (R g ) were calculated from the Guinier plot,
Scattering profiles (I(q)) were converted to distance distribution function (p(r)) through indirect Fourier transform using GNOM (Svergun, 1992) . For shape determination of the complex proteins in solution by ab initio methods, we ran DAMMIN and GASBOR 10 times each to generate ab initio models (Svergun, 1999; Svergun et al., 2001 ). These models were aligned by DAMAVER to select the most typical model from generated models (Volkov and Svergun, 2003) . Superimpositions between crystal structure and ab initio models were performed by SUPALM (Petoukhov et al., 2012) . Conformational dynamics of ternary protein complex, OsPP2C50:OsPYL/RCAR3:OsSAKP10, was analyzed by EOM v2.1 (Ensemble Optimization Method) (Tria et al., 2015) .
Hydrogen/Deuterium Exchange
The purified protein was prepared at a concentration of 100 mM in a buffer composed of 20 mM Tris-HCl (pH 8.0), 200 mM NaCl, 5 mM MgCl 2 , and 2 mM TCEP. The HDX reaction was conducted in a buffer consisting of 2 ml of protein samples (100 mM) that was diluted with 28 mL of D 2 O buffer (20 mM Tris-HCl [pH 8.0], 200 mM NaCl, 5 mM MgCl 2 , and 2 mM TCEP) and incubated for 10 s, 100 s, 1000 s, and 10 000 s at 4 C. All deuterium-exchanged samples were quenched by 30 mL of ice-cold quench buffer (0.1 M NaH 2 PO 4 , 1 M guanidine, and 20 mM TCEP [pH 2.01]), immediately frozen on dry ice, and stored at À80 C. For nondeuterated samples, 2 mL of protein samples (100 mM) were mixed with 28 mL of H 2 O buffer (20 mM Tris-HCl [pH 8.0], 200 mM NaCl, 5 mM MgCl 2 , and 2 mM TCEP) to which 30 mL of ice-cold quench buffer was added, and snap-frozen on dry ice.
Mass Spectrometry, Peptide Identification, and HDX-MS Data Processing
The quenched samples were digested and analyzed by the HDX-UPLC-ESI-MS system (Waters) as previously described (Duc et al., 2015) . In brief, quenched samples were thawed and immediately injected to an immobilized pepsin column (2.1 3 30 mm) (Waters) at 100 mL/min of flow rate with 0.05% formic acid in H 2 O at 12 C. Peptide fragments were subsequently collected on a C 18 VanGuard trap column (1.7 mm 3 30 mm) (Waters) for desalting with 0.15% formic acid in H 2 O and then isolated by ultra-pressure liquid chromatography on an Acquity UPLC C 18 column (1.7 mm, 1.0 3 100 mm) (Waters) at a flow rate of 40 mL/min with an acetonitrile gradient starting with 8% and increasing to 85% over 8.5 min. To minimize the back-exchange of deuterium to hydrogen, the system including trapping column and UPLC column was maintained at 0.5 C during the analysis, and all buffers were adjusted to pH 2.5.
Mass spectral analyses were performed with SYNAPT G2-Si Q-TOF equipped with a standard electrospray ionization source in MS E mode (Waters) in positive ion mode. All setting conditions for the system were reported previously (Kim et al., 2015) . Peptic peptides were identified in non-deuterated samples with ProteinLynx Global Server 3.0 (Waters). Searches were run with the variable methionine oxidation modification, and the peptides were filtered on a peptide score of 6. To process HDX-MS data, the amount of deuterium in each peptide was determined by measuring the centroid of the isotopic distribution using the DynamX 2.0 (Waters). All of the data were derived from three independent experiments, and the statistical significance was tested with Student's t-test.
Biolayer Interferometry
Biolayer interferometry experiments were performed on a BLItz system (ForteBio 
SEM of dissociation constants were calculated from error combination formula
where D refers to SEM of K D , k on , and k off , respectively. The R 2 analysis, which is an indication of goodness of graph curve fitting, was performed by BLItz Pro, and the R 2 values of all experiments were above 0.99.
Rice Protoplast Isolation and PEG-Mediated Transient Transformation
To isolate rice protoplasts, we used plants grown for 10 days, which grew on half-strength MS agar medium supplemented with 0.4% Phytagel and adjusted to pH 5.8, for 8 days in the dark and for 2 days in long-day condition (16 h light and 8 h dark) at 28 C. The grown rice seedlings were chopped into approximately 1-mm pieces and chopped seedlings were immediately transferred into prepared enzyme solution (1.5% cellulose R-10, 0.75% Macerozyme R-10, 0.6 M mannitol, 10 mM CaCl 2 , 0.1% BSA, 0.06% b-mercaptoethanol, and 10 mM MES [pH 5.7] ). After gently shaking incubation (60-80 rpm) for 4 h at room temperature, the enzyme solution was passed through 100-mm diameter mesh and protoplasts were collected by centrifugation. After washing with W5 solution (154 mM NaCl, 125 mM CaCl 2 , 5 mM KCl, and 2 mM MES [pH 5.7]), the protoplasts were suspended with MaMg solution (0.4 M mannitol, 15 mM MgCl 2 , and 4 mM MES [pH 5.7] ) to the concentration of 3-5 3 10 6 cells/mL. After this, 0.3 ml of suspended cells was gently mixed together with DNA plasmids and freshly prepared 0.33 ml of PEG solution (40% [w/v] PEG 6000, 0.1 M CaNO 3 , and 0.4 M mannitol). After 25 min incubation at room temperature, the samples were serially diluted with 630 ml, 1200 ml, and 2500 ml of the W5 solutions for 30 min totally. Protoplasts were collected by centrifugation at 100 g for 10 min at room temperature. Supernatants were discarded, and the protoplasts were resuspended in the W5 solution and incubated at 28 C until the experiments were performed.
Luciferase Assay
All genes (OsPYL/RCAR3, OsPP2C50, and OsPP2C50 mutants) were cloned into the transient expression vector pGEM-UbiHA, which contains the maize ubiquitin promoter, and was tagged with hemagglutinin (HA). Plasmid pRab16A-303-1148::luciferase was used in ABAresponsive reporter luciferase assay using rice protoplasts performed as described previously (Kim et al., 2015) . Effectors were introduced together with both pRab16A-303-1148::fLUC (firefly luciferase) and 35S::rLUC (Renilla luciferase), with transformation control into rice protoplast by PEG-mediated transformation method. After 16 h of incubation with or without ABA, luciferase activities were measured using a Dual-Luciferase Reporter system (Promega) and a GLOMAX 96-microplate luminometer (Turner Bio Systems) according to the manufacturer's instructions.
Generation of Transgenic OsPP2C50-Overexpressing Mutants and Phenotypic Analyses
Full-length cDNA of OsPP2C50 wild-type and FM mutant were cloned into pENTR/D-TOPO vectors (Invitrogen) and integrated into pK2GW7 by using the LR reaction (Karimi et al., 2002) . Each construct was introduced into Agrobacterium tumefaciens strain GV3101 via electroporation. All mutants used in this study were in the Col-0 background, and Arabidopsis transformation was performed using the floral-dip method (Clough and Bent, 1998) . Transgenic plants were selected on MS agar medium supplemented with 50 mg/ml of kanamycin. Two independent lines (T3) of OsPP2C50 wild-type and its mutant overexpressing plants were used for further analysis.
Phenotypic analyses were performed as described previously, but with some modification (Lim and Lee, 2016) . One hundred seeds per genotype were sown on half-strength MS agar medium supplemented with various concentrations of ABA. Following stratification at 4 C for 2 days, seeds of OsPP2C50 wild-type and its mutant overexpressing plants were germinated at 24 C in a chamber exposed to a 16-h light/ 8-h dark cycle. For germination testing, the number of the seeds with radicle emergence was counted 2 and 4 days later. In parallel, seedlings with green cotyledons were counted 9 days later. For root growth assays, seedlings from each line were vertically grown on MS agar medium for 5 days and the primary root lengths of seedlings were measured.
ACCESSION NUMBERS
Diffraction data and coordinates have been deposited in the Protein Data Bank with accession numbers PDB: 5GWP (wild-type) and 5GWO (FM mutant).
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